Abstract-Highly efficient, reliable packaging of semiconductor optical devices such as lasers and optical amplifiers remains an expensive and challenging task. In this paper, we present an approach to singlemode fiber coupling which results in relaxed alignment tolerances during the package assembly process, while maintaining coupling efficiencies as high as 34-40%. In addition, the approach provides some versatility with respect to the placement of passive optical components inside the package.
I . INTRODUCTION
HE primary challenge of coupling semiconductor optical T devices such as lasers and optical amplifiers to single-mode fiber (SMF) results from the extremely stringent, submicron alignment tolerances required for high-efficiency coupling. The stringent coupling tolerances principally derive from the small mode-field radius of standard laser diodes which is typically = 1 pm. One common approach to SMF packaging is to couple directly to the fiber, where the tip of the SMF is lensed in order to provide the necessary fiber-to-laser mode-field matching. The advantages of this type of coupling are its high efficiency = 40-60% [1]- [5] , and its simple, one-step alignment prior to the permanent fiber attachment. The disadvantages arise from the stringent submicron alignment tolerances [3] - [5] . These result in difficulty maintaining the alignment during the fiber attachment process, and require careful package design to assure fiber stability (and therefore package reliability) after the fiber attachment process.
In our approach, we use a ball lens to couple from the optical device either directly to SMF, or indirectly to SMF through a fiber lens [6]-181. The ball lens is aligned and mounted in the first assembly stage. The lens is aligned and fixed either mechanically or "semiactively . " In the second stage of assembly, the SMF is aligned so as to compensate for any small misalignment of the ball lens. In this case, the lateral alignment tolerances for a I-dB loss in coupling efficiency are > 10 pm for the initial ball lens alignment and 2-5 pm for the SMF alignment. These values represent a tenfold relaxation of alignment tolerances over direct lensed-fiber coupling. After the ball lens is initially aligned, its position must be stable to better than a micron, and for this reason we mount the ball lens directly on the chip carrier. This provides maximum thermal and mechanical stability.
We have achieved coupling efficiencies of 34-40% with this coupling scheme. It has been used to couple both to standard laser diodes and to near-traveling wave optical amplifiers. Fiber-to-fiber gains of 8.5-10 dB have been achieved with packaged devices.
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In addition to relaxed alignment tolerances and high coupling efficiencies, this coupling scheme has another advantage. That is, the lens-to-fiber working distance is typically on the order of 2-3 mm, which allows for the insertion of microoptics such as optical filters or isolators. This allows for a flexible approach to packaging in which a single lensing scheme can accommodate a variety of applications.
In Section I1 we will describe the coupling scheme in more detail and describe alignment tolerance trade-offs for ideal Gaussian beams. In Section I11 we will describe device-to-fiber coupling in more detail, including spherical aberrations, and compare experimental and calculated results. In Section IV we will describe our package assembly process. Finally, we will give conclusions in Section V .
CONCEPT
The coupling scheme employed is shown in Fig. l(a) and (b).
We currently are using an antireflection-coated YIG sphere with a 1.132-mm diameter as the ball lens (LENS 1). As noted above, the sphere is mounted on the chip header directly in front of the optical device. By varying the working distance to the device, the sphere can be used to couple light directly into SMF as in Fig. l(a) , or indirectly into SMF through a fiber lens (LENS 2) as shown in Fig. l(b) . We have chosen a ball lens because of the spherical symmetry, which provides easier alignment than other types of lenses. LENS 2 is a gradient-index fiber lens (101. It is fabricated by fusing a multimode fiber to the SMF pigtail, and then cleaving the multimode fiber to the appropriate lens length. The multimode fiber acts as a gradient-index lens with a refractive index given by [ 
where no is the refractive index on axis, r is the radial position from the axis, and g represents the strength of the refractiveindex gradient.
We used lenses made from both standard Coming 50/125 pm fiber with no = 1.4598 and g = 5.17 mm-l, and a specially designed (no index dip) multimode fiber with no = 1.478 and g = 5.6 mm-'. The lens lengths were typically L = 300-330 pm, corresponding to pitches ( L g / 2 7~) in the range 0.25-0.29.
Regardless of the coupling scheme employed, if good coupling is to be achieved, the scheme must match effectively the = 1-pm spot size of the laser diode to the =5-pm spot size of the SMF. In the case of single-lens coupling, the lens therefore magnifies the beam waist of the laser by approximately 5 X . In the dual-lens scheme, the fiber-lens magnifies the fiber spot size by approximately 2 X , to = 10 pm. Therefore, the ball lens must magnify the beam waist of the laser by approximately 10 x .
In order to understand the effect of the different lensing schemes on the alignment tolerances, let us assume that the rIdBe,dBG = constant.
( 6 )
Despite the relaxation of alignment tolerances at the ball lensto-SMF interface, the alignment of the ball lens with respect to the laser diode must still be stable to submicron tolerances if high coupling efficiencies are desired. For this reason we mount the sphere directly on the chip carrier. Although the stability of the sphere alignment is critical, the absolute alignment is not. To first order, the effect of sphere misalignment is to change the angle and position of the output image. Therefore, the SMF can be adjusted during the assembly process to compensate for much of the loss due to the initial ball lens misalignment. We and will discuss alignment tolerances for the ball lens in more detail in the next section. Both of the coupling schemes proposed increase coupling tolerances significantly over direct lensed-fiber coupling. However, we also desire high coupling efficiencies. Although we Let us assume that our ideal lensing scheme can match perfectly the two beam waists so that U / = U,.. The lateral and angular tolerances in this case are plotted in Fig. 2 as a function of increasing beam waist ( U / = uj = U ) . This allows us to compare various coupling schemes. For example, in the conventional case where a single-lensed SMF is used, the lens effectively demagnifies the fiber waist down to a 1-pm spot size to match the device mode. In this case the two beam waists are = 1 pm, resulting in submicron lateral alignment tolerances. If, thus far have assumed perfect mode matching between the laser and SMF, there are, in fact, many sources of coupling loss. These include asymmetric laser outputs, deviations from the Gaussian beam profile, reflection losses, and, most importantly in this case, aberrations or imperfections in the image optics.
The primary source of coupling loss when using ball lenses is due to spherical aberration. Coupling losses occur because of a variation in path length for rays which are not on the optical axis. Such losses are minimized by increasing the refractive index or decreasing the lens radius. As the refractive index increases, the laser lens working distance decreases. YIG, with a refractive index of 2.25, is the highest refractive index which can be used in our application without requiring the lens to be truncated. The lens radius has been limited by the difficulty of antireflection-coating smaller sized spheres.
COUPLING EFFICIENCY AND ALIGNMENT TOLERANCES
In this section we will consider the effect of spherical aberrations on laser diode to SMF coupling and show detailed results of calculations which predict the alignment tolerances of the optical components in a package, along with predicted coupling efficiencies. We will compare these with experimentally measured values.
We will assume that the near field of the laser diode is given by a Gaussian function, but not that it is circularly symmetric. In this case, the field is given by where wlx and cob. are the beam waists in the x (parallel to the junction plane) and y (perpendicular to the junction plane) directions. Similarly, the fiber near field is given by where w, is the circularly symmetric beam waist of the fiber.
If the distance from the laser diode to the principal plane of the ball lens is I , , then the field immediately after the laser mode passes through the lens, including aberrations, is given by Kar-
where the focal length of the lens, f, is equal to n R / ( 2 ( nl ) ) , and A ( x , y ) and G2 and G4 take into account the effects of spherical aberrations on the amplitude and phase terms, respectively. Complete expressions for these factors are given by Karstensen. The term ys = y -d, takes into account lateral displacements of the ball lens d,.
The fiber field behind the lens is given by where l2 is the distance of the fiber from the principal plane of the ball lens, yf = y -df + el,, where dfis the lateral displacement of the fiber, and 8 is the angular displacement of the fiber in radians. The coupling efficiency is determined by a numerical evaluation of the overlap integral In our calculations we assumed a circularly symmetric fiber waist of 4.8 pm; the SMF was 9-pm core diameter Coming fiber. The beam waists, wLr and wIy of the particular laser diode used in these measurements were calculated from the far fields.
They were wlr = 1.02 pm and U/,. = 0.51 pm, where x is parallel to the junction plane, and y is perpendicular to the junction plane. The YIG sphere diameter was measured using an optical comparator, and found to be 1.132 mm in diameter. In calculations for the two-lens case, we used a beam waist of 10 pm for the magnified fiber waist, in keeping with calculations based on the fiber GRIN lens lengths we used.
Let us first discuss results for the single-lens case. In Fig. 3 we have plotted the SMF alignment tolerance for the x ( ) and y ( 0 ) directions, respectively. The circles represent measured data points, while the solid curves are the theoretical values calculated from our given input parameters. The 1-dB alignment tolerances are k 2 . 7 and k2.4 pm in the respective x and y directions. Results of calculations for the angular tolerance are shown in Fig. 4 . These yield 1-dB tolerances of k2.05 and k2.18 degrees in the respective x (solid curve) and y (dashed curve) directions.
In Fig. 5 , we consider the alignment tolerance of the YIG ball lens, assuming that the fiber is offset laterally to compensate for the ball lens. Fig. 5 compares experimental ( 0 ) and calculated (solid curve) values for displacements in the x direction. Similar results were obtained for the y direction displacements. The ball lens tolerance in the x direction is * 18 pm and in the y direction is +19 pm. Since, to first order, the misalignment of the sphere results in a lateral and angular displacement of the image waist, we should expect that the primary source of coupling loss in this figure must be due to an angular misalignment, for which we did not compensate. In fact, the calculations show that at 1 dB, the coupling loss is optimized for a lateral displacement of the SMF of 85.6 (90.4) pm in the x ( y ) direction. This corresponds to an effective angular displacement of the imaged spot of 2.07 (2.18) degrees, indicating that virtually all of the coupling loss is due to angular displacement of the image. Therefore, if we compensate angularly as well as laterally with the SMF, we can relax the ball lens alignment tolerances even further.
Next let us consider the axial alignment tolerances. The theoretical prediction for single-lens coupling is that the optimum I , = 626 pm and I, = 2.4 mm, i.e., the laser-sphere working distance should be wd, = 60 pm and sphere-SMF working distance wd, = 1.83 mm. The experimentally measured values were wd, = 75 k 5 pm and wd2 = 1.9 + .05 mm. In Fig. 6 we plot the axial tolerance for the SMF and in Fig. 7 , the axial tolerance of the ball lens, where the SMF is moved axially to compensate. In both figures, the experimental and theoretical results are matched at the maximum value of the coupling efficiency and the alignment tolerances agree reasonably well. The source of the discrepancy in the absolute position of the curves is not yet understood. As with all axial alignments, the axial position of both the SMF and ball lens is much less critical than the lateral alignment.
For this particular device, the predicted coupling efficiency is 33 %. This agrees well with our measured values of 34-36%.
The coupling efficiency into SMF was measured by taking the ratio of the power out of the SMF pigtail Pc, to PTO=, the total power. PTO, was measured with a large area (5-mm diameter) detector placed about 5 mm behind the laser diode, with the ball lens positioned within a few microns of the laser diode facet. This configuration ensured that virtually all of the light from the laser was collected by the lens and focused on the detector.
Reflections from the lens surface were thus neglected. The spheres were antireflection coated at 1.3 pm for a specified value of < 0.25 % reflectivity. Reflection losses at the SMF interface, given by ( nfiber -nalr)*/( nfiber + na,,)2, are approximately 4 % and are taken into account. We expect the accuracy of our measured coupling efficiency to be approximately f0.5 dB. Next, let us discuss results for the two-lens case. In Fig. 8 we show the alignment tolerance for the SMF in the x ( 0 ) and y ( 0 ) directions, respectively. As before, the circles reprebent the experimentally measured values, while the solid curves are the result of our calculations. The calculated I-dB alignment tolerances are f 4 . 9 and k 4 . 6 pm for the x and y directions, respectively. Theoretical results for the angular tolerance are shown in Fig. 9 . The 1-dB tolerances are k1.07 and k1.13 degrees in the x and y directions, respectively.
In Fig. 10 , alignment tolerances for the ball lens are shown, again for the case where the SMF is adjusted laterally to compensate. Fig. 10 shows results for misalignments in the x direction ( k 9 . 3 p m / l dB). Similar results were obtained for the y direction ( + 9 . 4 p m / l dB). As before, the primary source of coupling loss is due to angular misalignment of the imaged beam. In this case the SMF compensation displacement is 76.4 (77.3) pm in the x ( y ) direction, which corresponds to an effective angular displacement of 1.04 ( 1.05 ) degrees.
For the axial alignment of the SMF and ball lens, we used a value of I , = 568 pm both experimentally and theoretically, which corresponds to a working distance, wd, = 2 pm. This is as close as we can align the sphere to a laser diode. In fact, the optimum coupling for our lensed fiber actually should lie a few microns inside the spherical lens. For this case, the corresponding 1, = 4.1 mm, which results in a lens to SMF working distance of wd2 = 3.63 mm. The measured wd, = 4.4 f 0.5 mm.
In the case of dual lens coupling, we estimate the multimode fiber GRIN lens to contribute approximately 0.07 mm to the total working distance. Fig. 11 compares experimental and theoretical results for axial displacements of the SMF about the optimum coupling point. Fig. 12 compares similar results for the axial displacement of the ball lens, when the SMF is displaced axially to compensate. In the case of two-lens coupling, we measure coupling efficiencies = 36-38%. The theoretical prediction is =42%. We attribute the difference to losses due to the fiber lens.
We therefore see that both single-and two-lens coupling give coupling efficiencies = 34-38%, although this value will vary from device to device, depending on the values of wlx and ab.. For the devices we have used, coupling efficiencies as high as 40% have been measured for the single-lens coupling scheme. In addition, alignment tolerances are relaxed, and agree well with theoretical predictions. The ball lens to SMF working distance varies from 1.9-4.4 mm, depending on the coupling scheme, although this value, too, will depend on the particular device parameters.
IV. PACKAGE ASSEMBLY
The first stage of package assembly is to mount the laser diode chip on the chip carrier. The chips are Indium soldered p-side up onto the center island of the nickel-plated copper chip carrier. The In solder is applied by either plating a layer on the top of the island or reflowing a 0,005-in diameter solder ball on the island. A ceramic stand-off pad is glued to one end of the chip carrier and a wirebond provides electrical connection from the pad to the top of the chip.
After the chip is mounted and wire bonded, the chip carrier is placed under a microscope and the ball lens is mounted using a vacuum pickup to hold the sphere in front of the chip as shown in Fig. 13(a) . The laser diode chip is on the right and the black, semicircular edge of the YIG sphere is seen to the left. An IR camera is used to view the top of the chip. If the active stripe of the device is visible, it can be used as an alignment mark to determine the location of the beam path. If the active stripe is not visible, the laser drive current is set at 3-5 mA so that two IR spots appear at the end facets. These are shown in Fig. 13(b) .
These can be used to determine the path of the output beam. Once the location of the end facet and the center line of the active stripe are known, the proper horizontal and axial location of the sphere can be determined. W e use a circular reflection from the sphere to locate its center. The horizontal and axial alignment of the sphere can be accomplished to k 5 pm using this technique, avoiding time consuming active alignments. The vertical alignment of the ball lens is determined by the use of a second IR camera, mounted along the optical axis (90" with respect to the first camera). A microscope objective is used to focus an image of the light output of the device on to the center of the camera at very low drive current = 4-5 mA. The ball lens is moved into place so that the image created by the ball lens also is centered on the second camera. In this way, the x-y-z alignments all are determined to k5 pm. Using this technique with the laser discussed in Section 111, we measured a coupling efficiency of 32% after gluing the YIG sphere down, or, about 0.5-dB loss in excess of the optimized bench measurement. In this case light was coupled using the single-lens scheme.
Prior to alignment the bottom of the sphere is dipped in a thin coating of UV curable epoxy. The gap between the bottom of the sphere and chip carrier surface is set to =25 pm by the machining tolerances. After alignment, the UV epoxy is cured, and the vacuum pickup released. W e have seen no movement be upgraded to a more reliable soldering technique.
Laser diodes and laser amplifiers also have been packaged using the single-lens coupling scheme described above, but with a somewhat different lens mounting and alignment scheme [ 131. In this case, seating holes for the spheres and alignment marks were machined into the chip carrier prior to chip mounting. The optical device was aligned using the active stripe on the top of the chip to match the alignment marks on the chip carrier. In this case the sphere alignment could be fixed to flO-pm accuracy and final packaged devices had typical values of 20-25 % efficiency per facet.
Our new sphere mounting and alignment technique has several advantages: 1) more accurate sphere to device alignment, 2 ) much less alignment time and skill required, and 3 ) direct evaluation of sphere imaging quality incorporated as part of the alignment process. The only disadvantage is that the device must be activated. However, 1) only very low drive currents are required, and 2 ) the light is not coupled directly to SMF during the alignment and fixing process. These features alleviate many of the difficulties associated with traditional active alignment, where higher power levels are required and time consuming coupling into SMF is required. The ability to evaluate the image quality of the sphere directly is also very important. We thus refer to our technique as a "semiactive" alignment.
Once the sphere is mounted on the chip carrier, the chip carrier is inserted into the stainless steel housing as shown in Fig.   Fig. 14. An SEM photo of the laser diode chip carrier. with a YIG sphere mounted in front of the laser using UV curable epoxy.
15. The SMF is inserted and then aligned and clamped using set screws. The fiber end can be polished to a 2-3" angle to avoid reflections back into the diode. Once the fiber is clamped 
V. CONCLUSIONS
In this paper we presented coupling results for a scheme utilizing a YIG sphere as a lens to couple from a semiconductor optical device into SMF. This technique exhibited relaxed alignment tolerances of 2-5 p m / l d B and 1-2"/1 dB for the SMF tolerance, and 10-20 p m / l dB for the effective sphere alignment tolerance. An ideal Gaussian theory gave good estimates of the alignment tolerances, but results from a numerical evaluation of overlap integrals (including spherical aberrations) gave highly accurate agreement to the experimental results for both alignment tolerances and coupling efficiencies. Coupling efficiencies for this scheme ranged from 34-40%, depending on the particular device parameters. Packaged traveling-wave amplifiers and laser diodes have had 20-25% coupling per facet and 8.5-10 dB fiber-to-fiber gain.
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